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| Nucleic acid extraction
DNA was extracted using several protocols, however, we obtained the best results using Nucleospin Plant II Genomic DNA extraction kit (Macherey-Nagel) following manufacturer's instructions on 0.5-1 g of mat sample. Integrity of the DNA was examined in 1.0% agarose gels by electrophoresis and quantified with a NanoDrop ND-1000. Nucleic acids were stored at −70°C.
| Sequencing and processing
DNA samples were sent to Research and Testing Laboratory (Lubbock, Texas, USA) for amplification of the 16S rRNA gene.
Tag-pyrosequencing was done with Roche 454 Titanium platform following manufacturer protocols (454 Life Science).
Primers 28F (5′-GAGTTTGATCNTGGCTCAG) and 519R (5′-GTNTTACNGCGGCKGCTG) were used for amplification of the hypervariable regions V1, V2, and V3, and approximately 450 bp long tags were obtained. Dowd et al. (2008) described the subsequent PCR and sequencing. A total of 280,907 tags were obtained.
The raw tag-sequences were processed using QIIME (version 1.9.1) (Caporaso et al., 2010) . Briefly multiplexed reads were first trimmed, quality-filtered, and assigned to the corresponding sample. The filtering criteria included eliminating homopolymers, at least 200 bp in length, and a minimal average quality score of 25. Chloroplast sequences were removed. To identify chimeras, the dataset was processed using usearch61. The number of reads per sample was normalized by rarefaction and reads clustered in OTUs at the 97% level of similarity. A representative sequence from each OTU was selected. Then, taxonomy assignment was done with QIIME by searching the representative sequences of each OTU against the SILVA 16S/18S rDNA non-redundant reference dataset (SSURef 132 NR) (Quast et al., 2013; Yilmaz et al., 2014) .
Only OTUs with relative abundance ≥0.00025% across all samples were used for statistical and phylogenetic analyses. All taxonomic assignments of the remaining 126 OTUs were manually F I G U R E 1 Geographical location of the sampling sites. 1) Río Negro (RN). 2) Miravalles (MV). 3) Bajo las Peñas (BP). 4) Rocas Calientes (RC). Digital Atlas ITEC, Costa Rica. 2014 checked by comparing them with sequences in the database using a combination of initial BLASTN-based searches and an extension of the EzTaxon database (Chun et al., 2007) , which stores 16S rRNA gene sequences of type strains of validly published names.
We used the criteria published by Chun, Kim, Lee, and Choi (2010) for taxonomic assignment of each read (x = similarity): species (x ≥ 97%), genus (97 > x ≥ 94%), family (94 > x ≥ 90%), order (90 > x ≥ 85%), class (85 > x ≥ 80%), and phylum (80 > x ≥ 75%). If the similarity was below the cutoff point, the read was assigned to an "unclassified" group. Sequences from the 126 OTUs using in all the analyses have been submitted to the NCBI GenBank database under accession numbers MK040623-MK040726 and MK077649-MK077670.
| Phylogenetic analysis
Phylogenetic analyses were done with MrBayes. The 126 sequences were aligned using ClustalX (Larkin et al., 2007) in MEGA (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) . Evolutionary distances were calculated by Bayesian inference (Huelsenbeck & Ronquist, 2001) and bootstrap was used to evaluate the tree topology by performing 10,000,000 resamplings and is shown for branch nodes supported by more than 50% of the trees. Reference GenBank sequences were used to illustrate the relationship of sequences to representative taxa. Planctopyrus limnophilus X62911 was used as outgroup and the tree was visualized using ITOL (https ://itol.embl. de.com) . For clarity in the analysis, separate trees were also built for Cyanobacteria, Chloroflexi, Proteobacteria, and "Other" phyla (Deinococcus-Thermus, Acidobacteria, and Bacteroidetes) using the same methodology.
| Statistical analyses
Principal Components Analyses (PCAs) of environmental values were performed on the Euclidean distance similarity matrix of logarithmic transformed data to determine metadata differences across sites using the "vegan" package in R version 3.4.3 (R Core Team, 2018) . For biological data, Bray-Curtis similarity values were calculated from the normalized and square root transformed OTU table (126 OTUs).
Analysis of similarities (ANOSIM) was used to determine if there were significant differences (p < 0.05) in community structure among thermal spring sites. Interaction effects were tested using a two-way crossed ANOSIM, where R values (R test statistic) near 0 indicate no difference between groups, whereas those >0 (up to 1) indicate dissimilarities between groups (Clarke & Gorley, 2015) . Richness (S) was computed as the total number of OTUs (97% similarity). Estimates of S, Chao1, Shannon diversity (H′), Simpson and rarefaction curves were calculated using QIIME (Caporaso et al., 2010) . The RELATE routine as used to test whether the two matrices (biotic and environmental) had correlations, and the BEST procedure of the same software was used to find the best match between the multivariate among-sample patterns of an assemblage and that from environmental variables associated with those samples. A hierarchical binary divisive cluster analysis in constrained form (LINKTREE), where only divisions which have an "explanation" in terms of a threshold in an environmental variable are permitted, was performed. ANOSIM, RELATE, BEST, and LINKTREE tests were calculated using PRIMER 7/PERMANOVA+ (Clarke & Gorley, 2015) . Canonical correspondence analysis (CCA) was performed using PAST software (Hammer, Harper, & Ryan, 2001) , to explore relationships of microbial community at the OTU level with physicochemical variables. By considering that predominant species have greater influence within the communities, only 24 major OTUs with relative abundance of >0.001% across all sample data sets were used as a community matrix for CCA. The significance of the CCA models and the explanatory factors were tested using 999 permutations.
| RE SULTS AND D ISCUS I ON

| Physicochemical characteristics of the hot springs
Hot springs in this study showed moderate to high temperatures, pH from slightly acidic to slightly alkaline, and different ion content of the waters (Table 1) . A PCA ( Figure 2 ) of the physicochemical parameters grouped the hot springs into three geochemically distinct habitats corresponding to location: North (RN and MV), Central (BP), and South (RC). The first two principal components explained 74% of the total variance. The first axis separated RC (South) from the other sites. This spring had a lower content of magnesium and the highest concentrations of sulfate, calcium, chloride, and sodium.
The second axis, in turn, separated BP (Central) from the northern mats. In this case, pH was the most influential variable together with conductivity, ammonia, and sufate. Temperature and pH were negatively correlated (R 2 = 0.548). Sites with more acidic pH had higher concentrations of K, Na, and Cl ions and higher temperature.
| Community composition
We obtained 264,501 clean sequences of the 16S rRNA gene (Table   A1 ). The total number of OTUs was 3,573. Rarefaction curves ( Figure A1 ) indicated that the numbers of OTUs were stabilized after sampling approximately 4,000 sequences, implying a good coverage.
Chao estimates ranged between 168 (RC1) and 709 OTUs (RN2).
While both the Chao estimate and the Shannon index peaked at an intermediate temperature (55°C), neither one of them followed any clear trend with temperature nor pH ( Figure 3 ).
Abundance of the OTUs, their closest BLAST hits, and their accession numbers are listed in Table A2 . The relative abundance of each phylum varied among the samples ( Figure 4B ). Cyanobacteria and Chloroflexi comprised 93% of all the reads. Cyanobacteria were the most abundant phylum in all samples except for RC1 (63°C, pH 6), where Chloroflexi and Deinococcus-Thermus accounted for 84% of the reads. Chloroflexi were more abundant as temperature increased.
Proteobacteria, Bacteroidetes and Deinococcus-Thermus comprised less than 5%. Other phyla were present in very small quantities (<1%).
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For subsequent analyses we retained only the 126 OTUs accounting for more than 0.00025% of the reads. They are shown in a phylogenetic tree in Figure A2 . Figure 4C .
| Cyanobacteria
The Cyanobacteria tree ( Figure 5 ) included 33 sequences. Branching patterns generally had high levels of support, with lower bootstrap and Bayesian posterior probability values for a few branches, probably reflecting current ambiguities in cyanobacterial taxonomy and sequence length limitations of the analysis (Hongmei et al., 2005) . However, this is not different from the patterns found in studies involving a broad range of cyanobacterial genera (Komárek, Kaštovsk, Mareš, & Johansen, 2014; Tomitani, Knoll, Cavanaugh, & Terufumi, 2006) . Moreover, many of the genera, families, and orders are polyphyletic. Therefore, here we adopt the pragmatic approach of the classical five subsections, which considers some of the most relevant morphological and ecological traits of Cyanobacteria (Castenholz et al., 2001) . The cyanobacteria belonged to subsections V (filamentous, heterocystous, branching cyanobacteria), III (filamentous, non-heterocystous cyanobacteria), and I (unicellular cyanobacteria).
Among those in Section V, Fischerella-like cyanobacteria are a frequent and major constituent of natural populations at thermal sites, (named either Fischerella or Mastigocladus in different studies, Miller, Castenholz, & Pedersen, 2007) . In our samples Fischerella sequences formed two subclusters. One of them included Fischerella OTU134 that was basically identical (99% similar) to cultures MV11 and RV14 isolated from Miravalles thermal spring in a previous study (Finsinger et al., 2008) . This OTU was present in almost all the samples and was the most abundant Fischerella OTU ( Figure 4C ).
Judging from its distribution, its temperature optimum was 60 degrees. This is higher than the optimal temperature found in culture for the two mentioned isolates MV11 and RV14 (35°C), although the isolates grew up to the highest temperature tested (55°C) (Finsinger et al., 2008) . Samples MV1 and BP2 had very similar temperatures (49 and 50°C respectively). Yet, OTU134 was very abundant in MV1 and absent from BP2 (with a pH >6.4). In fact this OTU was rare , 2007) . Chlorogloeopsis sequences had been found at similar pH but higher temperatures in Iceland (Skirnisdottir et al., 2000) . In general, both Fischerella and Chlorogloepsis are N-fixing (Ward & Castenholz, 2000) and they have been found together at least in stromatolites from the upper Hayden Two members of subsection III were found at higher temperatures. OTU140 was 98% similar to a clone from a western USA hot spring (unpublished study) and was also close to a clone from a hot spring in Thailand (Portillo, Sririn, Kanoksilapatham, & Gonzalez, 2009 ). We found OTU140 in samples with temperatures ranging from 42 to 60°C, but its largest abundance was in sample MV1 with the next to lowest temperature of the samples where it was present. OTU48 in turn, was 97% similar to a thermophilic Leptolyngbya strain O-77 isolated from a hot spring in Japan (Nakamori, Yatabe, Yoon, & Ogo, 2014) . OTU48 was present mostly in the 59-60°C range (samples RC2-RC3) but not at 63°C, which is consistent with the optimal growth temperature of strain O-77 (55°C). In addition, there were several more sequences that were always found in low abundance ( Figure 5 ). In particular, a little clade included only sequences without a GenBank close hit (OTUs 25, 99, and 141) as well as other sequences with similarities lower than 91%-92% to their closest relatives, such as OTUs 1,462, 3,444 for example.
These sequences indicated phylogenetic novelty among the Cyanobacteria in these hot springs.
Subsection I was represented by Synechococcus sequences
in branches apart from the other clades and from each other ( Figure 5 ). This has been reported for Synechoccoccus lividus C1
and Synechococcus sp. JA33Ab (Ferris, Ruff-Roberts, Kopczynski, Bateson, & Ward, 1996) (Papke et al., 2003) that tolerates high temperatures (optimum range 50 to 60°C).
It has also been found in sites such as Hunter's Hot Springs in Oregon (Miller & Castenholz, 2000) and Mushroom Spring, YNP (Becraft, Frederick, Kühl, Jensen, & Ward, 2011) . OTU0
was observed in several springs ( Figure 4C ), and its abundance increased significantly as temperature rose from 55°C (RN2) to 63°C (RC1). Several studies suggest a co-occurring distribution 
| Chloroflexi
Chloroflexi sequences grouped in several clades ( Figure 6 ). The most abundant OTUs were 97% to 99% similar in their 16S rRNA
to Chloroflexus aurantiacus J-10-fl isolated from Japan ( Figure 6 ), which is the type strain for the species. OTU40 was present in the 
| Other bacteria
There were just a few additional OTUs of any significance ( Figure 4C ). Three Deinococcus-Thermus OTUs distributed themselves along the thermal gradient. OTU4, 97% similar to Thermus oshimai (Chen et al., 2014) , was slightly abundant at 63°C
( Figure A3 ). OTU957 (99% similar to Meiothermus ruber) was present between 59 and 63°C, and OTU49 (another Meiothermus relative) appeared in two samples at temperatures lower than 59°C. All these Deinococcus-Thermus have been found in hot springs around the world, such as OTU4 in Sao Pedro do Sul (Portugal) (Williams, Smith, Welch, & Micallef, 1996) , or OTU957
in Kamchatka (Russia) (Loginova & Egorova, 1975 (Bryant & Frigaard, 2006) . A Bacteroidetes member was found at the three RC mats in very low abundance. All the remaining OTUs, including several Proteobacteria ( Figure A4) were extremely rare and are not discussed. 
| Factors determining community composition
As can be gathered both from the PCA (Figure 2 ) and the relationship of diversity with temperature and pH ( Figure 3 ), both parameters seemed to have an influence on community structure. The two were negatively correlated with each other (R 2 = 0.548) and this obscured direct relationships between community composition and the environmental variables separately. Therefore, we carried out a multivariate analysis such as constrained divisive tree (LINKTREE) to see which parameters had a stronger influence on the community ( Figure 4A ).
First, we compared the biotic and environmental matrices using RELATE analysis. This showed a strong correlation between the community structure and the geochemical characteristics of the samples (R = 0.73). BEST confirmed the importance of two variables, pH and temperature, for microbial mat structure (Rho = 0.85). The LINKTREE analysis (split A in Figure 4A ) first separated communities on the basis of pH (samples with pH > 6.6 and pH < 6.4) and Mg 2+ content (higher or lower than 5.81 mg/L), with ANOSIM R = 0.9, and a Bray-Curtis similarity measure (B%) = 96.8. This set apart the BP and MV2 samples that had the highest pH, Mg 2+ , and NO 3 − levels and lower temperatures, from the rest ( Figure 4A) . These are the only samples were
Chloroflexi represented less than 5% of the OTUs while Cyanobacteria accounted for ≥90% of the mat, and were dominated by the filamentous non-heterocystous cyanobacteria ( Figure 4B ,C).
We also carried out a CCA (Figure 7) to further clarify the relationships between environmental variables and OTUs. Again, pH and temperature were responsible for the separation of samples, The second split from LINKTREE (B in Figure 4A ) was determined by temperature separating RC1 (63°C, pH = 6) from the remaining samples (ANOSIM R = 0.72 and B% = 49.5). RC1 was dominated by
Class Chloroflexia, with OTUs 40 and 119 as dominant (near 60% of reads). Deinococcus-Thermus were also important as explained above.
The third split in LINKTREE (marked C in Figure 4A ) divided samples in two clusters according to sulfate concentration and conductivity in RN2 ( Figure 4C ). Sample RN2 showed the highest diversity (Table A1 , Figure 3 ). This, together with the dominance of Chlorogleopsis OTU12, was likely the reason that it appeared separate from the other samples from the same LINKTREE cluster in the CCA diagram (Figure 7) .
The last group of samples was separated by LINKTREE by higher levels of sulfate (>32.4 mg/L SO 4 2− ) and included RC2, RC3, and MV1. These mats were also dominated by Cyanobacteria (56% RC2 to 78.3% RC3) and Chloroflexi (15.8% RC3 to 32.2% MV1). The cyanobacterial OTUs with higher abundance in these mats were
Fischerella OTU134 (samples RC2 and RC3), and OTU140 (MV1).
The same Chloroflexi OTUs observed in RC1 (OTU40 and OTU119:
Chloroflexus arauntiacus; OTU116: Roseiflexus sp. and Anaerolinaceae OTU17) were present in these samples, but in smaller proportions.
Diversity is assumed to decrease with increasing temperature in hot springs. However, this is only true above 40-45°C. Below this point, diversity may increase with temperature or remain more or less constant.
Arroyo et al. (in preparation) found that they could fit a unimodal relationship to data from three hot springs in Southern Chile. Diversity increased with temperature up to 45°C and then decreased as temperature increased further. This breaking point coincides with the inactivation temperature of many proteins and, therefore, reflects a basic fact of biology.
In effect, both richness and diversity showed a unimodal relationship with temperature. Similar results were found by Sharp et al. (2014) .
Examined with this unimodal relationship in mind, most contradictory results from the literature can be accommodated, although the exact breaking point is not always the same. Thus, Miller et al. (2009) found that richness peaked at 38°C in several YNP hot springs.
However, since they only had one spring below this temperature, There were very few alkaline springs with pH above 8 and almost no springs with mildly acidic pH between 5 and 6. Menzel et al. (2015) studied eight springs from different continents with temperatures above 65°C and pH values between 1.8 and 7.0. As discussed above, Inskeep et al. (2013) also used pH as the first factor to classify their springs (pH 2-5 and 5-9), and temperature came next. It is interesting that their classification scheme (their Figure 3) was intuitive, but coincides with our LINKTREE analysis, despite the fact that our ranges of pH and temperature are much narrower than those of Inskeep et al. (2013) . It seems than in their case the differences in pH were so large that its importance was obvious, while in our case we had to resort to statistical analysis to show the same effect. Power et al. (2018) had the largest data set ever studied. Once more, their samples fit in two pH clusters, those with acid pH (1-3) and those with neutral or alkaline pH (5-9). They looked at the effects of pH separately for springs with nine different intervals of temperature (10 degrees each). Diversity was significantly related to pH in five intervals between 20 and 70 degrees. There were very few springs below 20°C and the relationship was not significant above 70°C. They concluded that "diversity was primarily influenced by pH at temperaturas <70°C, with temperature only having a significant effect for values >70°C". When they built an NMDS diagram, the first axis separated samples by pH not by temperature. Again suggesting that this factor was the main driver of microbial diversity. We explored the relative importance of pH and temperature using constrained divisive clustering (LIKNTREE). In this analysis we were comparing the community composition of the different mats in combination with the physic-chemical parameters. In effect, the first separation was associated with pH and Mg 2+ concentrations ( Figure 4A ). The two groups of samples differed in their dominant cy- 
| CON CLUS IONS
Cyanobacteria was the most abundant phylum in phototropic microbial mats from hot springs with temperatures ranging 37-60°C and pH 6.1-7.5. Multivariate analysis indicated that pH was the first factor influencing the differences in bacterial community composition of these samples. In summary, high temperature and low pH samples had Fischerella OTU134 as the dominant cyanobacterium, while a series of different Subsection III OTUs were more abundant in the lower temperature and/or higher pH mats. Sample RN3 (59°C, pH = 6.2) was the only one where OTU12, a Chlorogloeopsis relative, was dominant. As mentioned, the importance of pH had already been shown in previous studies. However, the relevance of the present work is that even with moderate ranges of values in both temperature and pH, the two variables combined to produce a mosaic of communities, pH being more important than temperature. Neither factor alone was sufficient to explain the community composition, but the traditional view that temperature is the main driver of diversity in hot springs needs to be revised. 
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